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CONTROL SYSTEM FOR AN ALL-WHEEL
DRIVE ELECTRIC VEHICLE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of U.S. applica-
tion Ser. No. 13/866,214, filed Apr. 19, 2013, which is a
divisional of U.S. application Ser. No. 12/782,413, now U.S.
Pat. No. 8,453,770, which is a continuation-in-part of U.S.
application Ser. No. 12/322,218, filed Jan. 29, 2009, and is a
continuation-in-part of U.S. application Ser. No. 12/380,427,
now U.S. Pat. No. 7,739,005, the contents of each of which
are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to electric vehicles
and, more particularly, to a control system for an all-wheel
drive electric vehicle.

BACKGROUND OF THE INVENTION

The advantages of using an all-wheel drive system in a
vehicle are well known. In general, an all-wheel drive system
improves traction, and thus safety, by allowing power to be
sent to all four wheels, rather than just the front two or the rear
two. Thus when traction is lost in one or more wheels, for
example due to wet or icy road conditions, the drive system
can increase the torque to the axle/wheels with traction.

A variety of control systems have been developed to detect
tire slippage, i.e., wheel spin, and to redirect the available
torque to the remaining wheels. These control systems range
from simple hydraulic and mechanical systems to relatively
sophisticated electronic control systems. For example, U.S.
Pat. No. 4,589,511 describes a traction control system that
uses wheel spin sensors to detect the spinning of a wheel or
wheels, and an electronically controlled wheel braking sys-
tem to prevent wheel spinning.

Many of the current traction control systems, while pro-
viding efficient traction control in a conventional vehicle
utilizing a combustion engine drive train, are unsatisfactory
for a hybrid or all-electric vehicle due to differences in vehicle
weight and weight distribution, and more importantly differ-
ences in drive train torque and power capabilities. Accord-
ingly, what is needed is a traction control system designed to
meet the needs of such alternative fuel vehicles in general,
and all-electric vehicles in particular. The present invention
provides such a system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the basic elements of a dual electric motor
drive system for use with the present invention;

FIG. 2 graphically illustrates the torque curves for exem-
plary primary and assist motors;

FIG. 3 graphically illustrates the power curves for exem-
plary primary and assist motors;

FIG. 4 illustrates the basic elements of a control system for
a dual electric motor drive system in accordance with the
invention;

FIG. 5 illustrates the basic elements of a control system for
a dual electric motor drive system similar to that shown in
FIG. 4, with the exception that each motor/power control
module is coupled to a separate ESS;

FIG. 6 illustrates the basic elements of the system control-
ler shown in FIG. 4;
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2

FIG. 7 illustrates the algorithm used to calculate the opti-
mal torque split between the two drive trains, without taking
into account wheel slip errors;

FIG. 8 illustrates the algorithm used to generate the look-
up table utilized by the optimal torque split unit;

FIG. 9 illustrates a block diagram of the traction and sta-
bility control unit shown in FIG. 6;

FIG. 10 illustrates the basic elements of the system con-
troller shown in FIG. 5;

FIG. 11 illustrates the basic elements of a control system
for an EV utilizing a single primary motor coupled to one
axle, and dual assist motors coupled to the second axle;

FIG. 12 illustrates the basic elements of the system con-
troller shown in FIG. 11;

FIG. 13 illustrates the algorithm used to calculate the opti-
mal torque split between the three drive motors, without
taking into account wheel slip errors;

FIG. 14 illustrates a block diagram of the traction and
stability control unit shown in FIG. 12;

FIG. 15 illustrates the basic elements of a control system
foran EV utilizing a single electric motor coupled to one axle;

FIG. 16 illustrates the basic elements of the system con-
troller shown in FIG. 15;

FIG. 17 illustrates the algorithm used to calculate the opti-
mal torque request without taking into account wheel slip
errors;

FIG. 18 illustrates the algorithm used to generate the look-
up table utilized by the torque control unit; and

FIG. 19 illustrates a block diagram of the traction control
unit shown in FIG. 16.

DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

Inthe following text, the terms “electric vehicle” and “EV”
may be used interchangeably and refer to an all-electric
vehicle. Similarly, the terms “hybrid”, “hybrid electric
vehicle” and “HEV” may be used interchangeably and refer
to a vehicle that uses dual propulsion systems, one of which is
an electric motor and the other of which is a combustion
engine. Similarly, the terms “all-wheel-drive” and “AWD”
may be used interchangeably and refer to a vehicle drive
system in which every wheel, or every set of wheels sharing
the same axel or axis, is provided with a separate motor.
Similarly, the terms “battery”, “cell”, and “battery cell” may
be used interchangeably and refer to any of a variety of
different rechargeable cell chemistries and configurations
including, but not limited to, lithium ion (e.g., lithium iron
phosphate, lithium cobalt oxide, other lithium metal oxides,
etc.), lithium ion polymer, nickel metal hydride, nickel cad-
mium, nickel hydrogen, nickel zinc, silver zinc, or other bat-
tery type/configuration. The term “battery pack™ as used
herein refers to multiple individual batteries contained within
a single piece or multi-piece housing, the individual batteries
electrically interconnected to achieve the desired voltage and
current capacity for a particular application. The terms
“energy storage system” and “ESS” may be used inter-
changeably and refer to an electrical energy storage system
that has the capability to be charged and discharged such as a
battery, battery pack, capacitor or supercapacitor. Lastly,
identical element symbols used on multiple figures refer to
the same component, or components of equal functionality.

FIG. 1 illustrates the basic elements of a dual electric motor
drive system 100 for use with the control system of the inven-
tion. As shown, each axle is coupled to an independent power
source, specifically rear axle 101 is coupled to an electric
motor 103 via a transmission/differential assembly 105, and
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front axle 107 is coupled to an electric motor 109 via a
transmission/differential assembly 111. It should be under-
stood that the present invention is not limited to a specific
type/configuration of transmission or a specific type/configu-
ration of differential. For example, although a single speed
transmission is preferred, either or both transmissions can use
a multi-speed transmission. Similarly, the differentials used
with the present invention can be configured as open, locked
or limited slip, although preferably an open or limited slip
differential is used.

In the simplified illustration of FIG. 1, a single ESS/power
control module 113 is shown coupled to both motors 103/109.
It should be understood, however, that the present invention is
not limited to a specific ESS/power control module configu-
ration. Exemplary configurations that are applicable to the
present invention are described in detail in co-pending U.S.
patent application Ser. No. 12/322,218, filed Jan. 29, 2009,
the disclosure of which is incorporated herein for any and all
purposes.

In a preferred embodiment of the invention, one of the two
motors is the primary drive motor, e.g., motor 103, while the
second motor, e.g., motor 109, is relegated to the role of an
assisting motor. Preferably both motors 103 and 109 are AC
induction motors. Additionally, in a preferred embodiment
assist motor 109 is designed to have a relatively flat torque
curve over a wide range of speeds, and therefore is capable of
augmenting the output of primary motor 103 at high speeds,
specifically in the range in which the torque of primary motor
103 is dropping off. FIGS. 2 and 3 illustrate torque and power
curves, respectively, of exemplary motors. In particular,
curves 201 and 301 represent the torque and power curves,
respectively, of an exemplary primary motor; curves 203 and
303 represent the torque and power curves, respectively, of an
exemplary assist motor; and curves 205 and 305 represent the
torque and power curves, respectively, of the combination of
the exemplary primary and assist motors.

It will be understood that the gear ratios of transmission/
differential elements 105 and 111 may be the same, or differ-
ent, from one another. If they are the same, FIGS. 2 and 3
show the motor speeds of both motors. If they are different,
FIGS. 2 and 3 show the motor speed of the primary motor,
with the motor speed of the secondary motor converted based
on a gear ratio conversion factor. FIGS. 2 and 3 illustrate that
in at least one configuration, the maximum amount of assist
torque can be substantially constant throughout the motor
speed, and hence vehicle speed, range of operation (FIG. 2),
and as aresult the maximum amount of assist power increases
as a function of motor speed (FIG. 3). This preferred configu-
ration applies to both the motoring and regenerating modes of
operation. One benefit of this approach s that it can be used to
compensate for torque fall-oft at higher speeds, a character-
istic typical of electric motors with limited operating voltage.
Another benefit of significantly increasing the high speed
capabilities of a vehicle in accordance with the preferred
embodiment of the invention is improved vehicle perfor-
mance, specifically in the areas of top speed, high speed
acceleration, and hill climbing abilities. Lastly, by utilizing a
dual drive approach, in some configurations a lower total
motor weight can be achieved than is possible with a single
motor sized to provide similar peak power capabilities.

As previously noted, the curves shown in FIGS. 2 and 3
assume the use of AC inductions motors even though the use
of'aspecific motor or motor configuration is not a requirement
of the invention. Curve 201 illustrates a characteristic com-
mon of many such electric motors, i.e., exhibiting a relatively
flat peak torque at low speeds that then drops off at higher
speeds. As used herein, a motor’s “base speed” is defined as
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the speed at which the torque drops to 95% of the flat peak
torque and will continue to drop after the base speed up to the
top speed under constant power source limits. Therefore, for
curve 201, this knee point occurs at a point 207 on the curve,
leading to a base speed of approximately 7200 rpm. As used
herein, a motor’s “drive system base speed” is equivalent to
the motor’s base speed after gearing, i.e., the motor base
speed divided by the transmission gear ratio. As described
above and illustrated in FIGS. 2 and 3, preferably assist motor
109 is designed to provide a much higher drive system base
speed than the drive system base speed of primary motor 103;
more preferably assist motor 109 is designed to provide at
least a 50% higher drive system base speed than the drive
system base speed of primary motor 103.

The basic configuration illustrated in FIG. 1 provides a
number of advantages over a single drive EV. First, the dual
motor configuration provides superior traction control as
power is coupled to both axles, therefore providing power to
at least one wheel per axle. It will be appreciated that addi-
tional traction control can be achieved if one or both differ-
entials utilize a limited slip or locking configuration, thereby
coupling power to the remaining wheel or wheels. Second, by
coupling each axle to an independent power source, vehicle
traction, and therefore stability, can be dramatically improved
since the torque supplied to the front wheel(s) versus the rear
wheel(s) can be varied depending upon the specific situation.
For example, while making a turn it may be advantageous to
gradually increase the torque supplied to the front wheel(s)
versus the rear wheel(s). Similarly, in icy road conditions, it
may be desirable to increase the torque supplied to the front
wheel(s). Third, by utilizing a dual motor configuration,
regenerative braking can be used with respect to both sets of
wheels, thus providing enhanced braking as well as improved
battery charging capabilities. Fourth, assuming an assist
motor with a relatively flat torque curve, in addition to pro-
viding additional power at all speeds, the assist motor pro-
vides greatly enhanced performance at high speeds when the
primary motor starts losing torque.

As previously noted, the use of a dual drive configuration
offers a number of advantages over a single drive configura-
tion. The present invention expands upon these advantages by
providing a torque and traction control system that is capable
of rapidly and efficiently splitting the torque between the two
drive systems. As a consequence, wheel slippage is mini-
mized and vehicle traction and stability is greatly improved in
a variety of operating conditions. These improvements are
evident in both cornering and straight-line traction, and in
wheel slip control.

FIG. 4 illustrates the basic configuration of a preferred
embodiment of the invention. As shown, primary motor 103 is
connected to the ESS 401 via the primary power control
module 403. Similarly, assist motor 109 is connected to ESS
401 via a secondary power control module 405. Primary and
secondary power control modules 403 and 405 each include a
DC to AC inverter. The power control modules 403/405 are
used to insure that the power delivered to motors 103/109 or
the regenerated power recovered from motors 103/109 have
the desired voltage, current, waveform, etc. As such, power
control modules 403/405 may be comprised of passive power
devices (e.g., transient filtering capacitors and/or inductors),
active power devices (e.g., semiconductor and/or electrome-
chanical switching devices, circuit protection devices, etc.),
sensing devices (e.g., voltage, current, and/or power tlow
sensors, etc.), logic control devices, communication devices,
etc.

Although FIG. 4 shows a single ESS, as previously noted
other configurations can be used with the invention, for
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example ones in which each motor is connected to a separate
ESS. Alternate ESS and power control configurations are
described in detail in co-pending U.S. patent application Ser.
No. 12/322,218, filed Jan. 29, 2009, the disclosure of which is
incorporated herein for any and all purposes.

In accordance with the invention, system 400 includes a
torque and traction controller 407 that determines the power,
i.e., voltage, current, and waveform, that each of the power
control modules supplies to their respective motors, and thus
the torque and power that each motor applies to the wheel or
wheels to which it is coupled. In order to calculate the appro-
priate power to be supplied to each motor, and thus the torque/
power to be supplied to the individual wheels, torque and
traction controller 407 is coupled to, and receives data from,
a variety of sensors throughout the vehicle. In general, these
sensors can be divided into four groups; those used to monitor
vehicle performance, those used to monitor the drive system,
those used to monitor the condition and performance of the
ESS and the power control electronics, and those used to
monitor user input. A description of exemplary sensors for
each group of sensors follows.

Vehicle Performance Sensors—The sensors within this
group monitor the on-going performance of the vehicle by
monitoring wheel spin, and thus tire slippage. Preferably a
wheel spin sensor is coupled to each wheel, i.e., sensors
409-412.

Drive System Sensors—The sensors within this group
monitor the performance of the primary and assist motors.
Preferably coupled to the primary motor is a temperature
sensor 413 and a motor speed sensor 415, and coupled to the
assist motor is a temperature sensor 417 and a motor speed
sensor 419.

ESS and Power Control Electronics Sensors—The sensors
within this group monitor the condition of the ESS and power
control modules. Preferably coupled to ESS 401 is a tempera-
ture sensor 421, avoltage sensor 423 and a current sensor 425.
Preferably coupled to primary power control module 403 is a
temperature sensor 427. Preferably coupled to secondary
power control module 405 is a temperature sensor 429.

User Input Sensors—The sensors within this group moni-
tor user input. Exemplary sensors in this group include a
brake sensor 431, an accelerator sensor 433, and a steering
sensor 435. These sensors can be coupled to the correspond-
ing pedals and/or steering wheel, coupled to the correspond-
ing linkage, or otherwise coupled to the vehicle drive systems
such that braking, accelerator and steering data is obtained.
The system may also include a gear selection sensor 437 if the
vehicle includes a multi-gear transmission, as opposed to a
single speed transmission. The system may also include a
mode selection sensor 439 if the vehicle allows the user to
select from multiple operating modes, e.g., high efficiency
mode, high performance mode, etc.

Although the primary sensors used by torque and traction
controller 407 are shown in FIG. 4 and described above, it will
be appreciated that the invention can use other sensors to
provide additional information that can be used to determine
the optimal torque split between the primary and assist drive
system. For example, by monitoring the ambient temperature
and/or monitoring humidity/rainfall, the system can adapt for
inclement weather, i.e., wet and slippery conditions or poten-
tial icy conditions. Similarly, by monitoring vehicle incline,
the system can adapt for steep hill climbing or descending
conditions.

As previously noted, the present invention is not limited to
vehicle systems in which both drive trains are coupled to a
single ESS. For example, FIG. 5 illustrates a torque and
traction control system similar to that shown in FIG. 4, with
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the exception that each motor/power control module is
coupled to a separate ESS. Specifically, primary motor 103
and primary power control module 403 are coupled to ESS
501 while assist motor 109 and secondary power control
module 405 are coupled to ESS 503. In this embodiment
primary motor ESS 501 includes temperature, voltage and
current sensors 505-507, respectively, and assist motor ESS
503 includes temperature, voltage and current sensors 509-
511, respectively. If desired, the ESS 501 can be coupled to
ESS 503, for example using a bi-directional DC/DC converter
(not shown) as described in detail in co-pending U.S. patent
application Ser. No. 12/322,218, filed Jan. 29, 2009, the dis-
closure of which is incorporated herein for any and all pur-
poses.

FIG. 6 provides a more detailed schematic of torque and
traction controller 407. As shown, data from the brake sensor
431, accelerator sensor 433, gear selection sensor 437 (if the
vehicle has multiple gears) and mode selection sensor 439 (if
the vehicle includes multiple modes) are input into the vehicle
torque command generation unit 601. The computed vehicle
speed, referred to herein as “C_vspeed”, is also input into the
vehicle torque command generation unit 601. C_vspeed is
computed by the traction command generation unit 609. The
output of unit 601 is a total torque requirement request,
referred to herein as “C_torque”. C_torque is the torque
required from the combined drive trains.

The maximum torque available from the primary and assist
motors, referred to herein as “C_maxtorquel” and “C_max-
torque2”, are calculated by the primary torque limiting unit
603 and the assist torque limiting unit 605, respectively. The
inputs to the primary torque limiting unit 603 are the data
from primary motor temperature sensor 413, primary motor
speed sensor 415, and primary power control module tem-
perature sensor 427. The inputs to the assist torque limiting
unit 605 are the data from assist motor temperature sensor
417, assist motor speed sensor 419, and secondary power
control module temperature sensor 429. Assuming a single
ESS configuration, for example as shown in FIG. 4, ESS data
input to both units 603 and 605 are the ESS temperature data
from sensor 421 as well as the ESS voltage and current data
from sensors 423 and 425, respectively. If the drive trains use
separate ESS systems as illustrated in FIG. 5, then the ESS
data input into unit 603 is from sensors 505-507 and the data
input into unit 605 is from sensors 509-511.

The torque required from the combined drive trains calcu-
lated by unit 601, and the maximum available torque for the
primary and assist motors, calculated by units 603 and 605
respectively, are input into the optimal torque split unit 607 as
is the computed vehicle speed. Unit 607 optimizes the torque
split between the two drive trains without taking into account
wheel slip, thus splitting the desired combined torque, i.e.,
C_torque, into an optimal primary motor torque request and
an optimal assist motor torque request, the split based solely
on achieving maximum operating efficiency within the limits
of the available torque for each motor.

The system of the invention uses a simple continuously
running algorithm to determine the optimal torque split, as
illustrated in FI1G. 7. As shown, initially C_torque, C_vspeed,
C_maxtorquel and C_maxtorque2 are read (step 701). Next,
temporary values for the torque for primary motor 103
(C_temptorquel) and for assist motor 109 (C_temptorque2)
are determined, as well as values for the motor flux for pri-
mary motor 103 (C_flux1) and for assist motor 109 (C_flux2).
(Step 703). This step is performed by interpolating data from
a look-up table, described in further detail below, that con-
tains optimal torque (i.e., T1 and T2) and optimal flux values
(i.e., Flopt and F2opt) based on vehicle speed and total
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requested torque. The temporary torque values set in step 703,
based on the look-up table, are then compared to the maxi-
mum available torque values (step 705) calculated by the
primary torque limiting unit and the assist torque limiting
unit. If the temporary torque values are less than the maxi-
mum available torque values, then the temporary torque val-
ues are output as C_torquele (primary motor) and
C_torque2e (assist motor); if the temporary torque values are
greater than the maximum available torque values, then the
maximum available torque values are output as C_torquele
and C_torque2e. (Steps 707 and 709). The flux command
values for the primary motor, i.e., C_flux1, and the assist
motor, i.e., C_flux2, are also output in step 709.

FIG. 8 illustrates the preferred algorithm used to generate
the three-dimensional look-up table utilized by the optimal
torque split unit 607. In step 801, a first loop is initiated in
which vehicle speed, W, is stepped through from a minimum
value, Wmin, to a maximum value, Wmax, in steps of Wstep.
In step 803, a second loop is initiated in which total vehicle
torque, T, is stepped through from a minimum value, Tmin, to
amaximum value, Tmax, in steps of Tstep. In step 805, a third
loop is initiated in which the torque of the primary motor, T1,
is stepped through from a minimum value, T1min, to a maxi-
mum value in steps of Tlstep. The maximum value in step
805 is the smaller of TImax and T.

In the next series of steps, steps 807-809, the optimum flux
value, Flopt, for the primary motor is determined for each
value of T1. Initially, for a given value of T1 the primary
motor flux F1 is stepped through from a minimum value,
Flmin, to a maximum value, F1max, in steps of Flstep. Then
for each value of T1 and F1, a value for primary motor input
power, P1, is calculated. Next, Flopt is determined, based on
achieving the minimum input power, P1min.

In the next series of steps, steps 811-814, the optimum flux
value, F2opt, for the assist motor is determined for each value
of T1. Initially for a given value of T1, the corresponding
value for the torque of the assist motor, T2, is determined,
where T2 is equal to T minus T1. Then the assist motor flux F2
is stepped through from a minimum value, F2min, to a maxi-
mum value, F2max, in steps of F2step. Next, the value for the
assist motor input power, P2, is calculated for each value of
T2 and F2. Lastly, F2opt is determined, based on achieving
the minimum input power, P2min.

In step 815 a minimum total motor input power, Pmin, is
calculated, where Pmin is equal to P1min plus P2min. Next,
the smallest Pmin is found for the value of T1 for this par-
ticular iteration of the T1 loop. (Step 817) Lastly, for the
smallest Pmin and the current T and W, values for T1, T2,
Flopt and F2opt are output. (Step 819)

The traction control command generation unit 609 pro-
vides several functions. As input, data from each wheel spin
sensor, i.e., sensors 409-412, is feed into unit 609. Addition-
ally, data from primary motor speed sensor 415, assist motor
speed sensor 419, and steering sensor 435 are input into the
traction control command generation unit. Using this data,
unit 609 calculates vehicle speed, C_vspeed, which is input
into the vehicle torque command generation unit 601 as pre-
viously noted. Unit 609 also uses the motor speed data to
provide error checking.

A primary function of unit 609 is to calculate wheel slip
ratios for each wheel, the wheel slip ratio being the difference
between the wheel speed and the vehicle speed, divided by the
greater of the wheel speed and the vehicle speed. After cal-
culating the wheel slip ratio for each wheel as a function of
vehicle speed, a wheel slip ratio for each axle is calculated.
The wheel slip ratio for an axle must take into account that
different wheels on the same axle may experience different
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degrees of slip, and thus exhibit different slip ratios. For a
limited slip differential, and in most other cases as well,
preferably the higher of the two wheel slip ratios for a given
axle is taken as the wheel slip ratio for that particular axle.

In order to determine if the wheel slip ratio for a given axle
is greater than desired, the wheel slip ratio must be compared
to a target wheel slip ratio contained within a lookup table.
The lookup table provides target wheel slip ratios as a func-
tion of speed and steering angle. The lookup table can be
based on well known target ratios or, as is preferred, based on
test data obtained for that particular vehicle and vehicle con-
figuration. For each axle, the difference between the com-
puted wheel slip ratio and the target wheel slip ratio yields the
computed slip error, referred to herein as “C_sliperrorl” for
the wheel slip ratio error of the primary-driven axle 101 and
“C_sliperror2” for the wheel slip ratio error of the assist-
driven axle 107. To prevent control chatter, preferably hys-
teresis is incorporated into the comparator used in this calcu-
lation by means of a dead band, i.e., neutral zone. In addition
to controlling chatter, the hysteresis band also allows for a
small amount of additional wheel slippage, which may com-
pensate for vehicle weight dynamic distribution and improve
acceleration and deceleration performance.

The computed slip errors, C_sliperrorl and C_sliperror2,
along with the values for the optimized torque split,
C_torquele and C_torque2e, and the total requested torque,
C_torque, are input into the first stage of the traction and
stability control unit 611. Details of unit 611 are shown in
FIG. 9. As shown, the first stage independently minimizes the
wheel slip ratio errors using a feedback control system, for
example using a lead-lag controller, sliding-mode controller,
PID controller or other linear or non-linear controller type.
Preferably PID controllers are used for the compensators
901/902 in the first stage feedback control system. In the
second stage of unit 611, motor speed fast disturbances are
independently minimized using high pass filters 903/904 and
compensators (preferably PID controllers) 905/906. Motor
speed fast disturbances can be caused, for example, by sudden
large reductions of load torque on the motor shaft during an
excessive wheel slip event, or by sudden large additions of
load torque on the motor shaft from one or two stuck wheels.

Between the first and second stages is a transient torque
boost feedforward control circuit, referred to in the figure as
dynamic boost, which adds an amount of torque to each axle.
The amount of added torque is proportional to the difference
between the driver torque request after the first stage of trac-
tion control and the combined torque command, C_torque.
The proportional constants K1 and K2 may be tuned to be
different between the two axles. The feedforward torques
enhance the vehicle performance, vehicle response to driver
request and drivability without compromising traction con-
trol and vehicle stability. The feedforward torques are zero
when the torque request is fully met, with zero effective wheel
slip ratio errors and with the maximum torque limits not in
effect. During a wheel slip event that causes a torque reduc-
tion on an axle, an effect of the feedforward control is to
increase the torque command to the other axle that has a better
tire-to-road grip. The feedforward control also adds a torque
command to the axle experiencing wheel slip, but due to the
relatively smaller gain in the feedforward path, the wheel slip
ratio error feedback loop still dominates and will minimize
the wheel slip ratio error.

After the second stage of traction control, torque limiters
907/908 independently limit the torque commands issuing
from the second stage based on C_maxtorquel and C_max-
torque2. The output of the torque limiters 907/908 are torque
commands C_torquel and C_torque2. The torque commands
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from the limiters and the flux commands, C_fluxl and
C_flux2, from the optimal torque split unit 607 are input into
control modules 403 and 405 as shown in FIG. 6. Power
control modules 403 and 405 can use any of a variety of motor
control techniques, e.g., scalar control, vector control, and
direct torque control. Vector control allows fast and
decoupled control of torque and flux. In at least one preferred
embodiment of the invention, the control modules utilize a
pulse width modulator (PWM) control circuit.

In some instances the torque and flux motor control com-
mands may be subject to further limitation, specifically due to
component overheating and/or ESS power limitations. Such
command limits may be applied by an additional limiter
circuit within the torque and traction controller 407, or within
the power control modules as illustrated in FIG. 6. In general,
such limiters monitor the temperatures of the motors via
sensors 413/417, the temperatures of the power electronics
via sensors 427/429, and the temperature, voltage and current
of ESS 401 via sensors 421/423/425. If multiple ESS systems
are used, as previously described, then the temperature, volt-
age and current of each ESS system are taken as inputs to the
limiters. In at least one embodiment using a single ESS sys-
tem, if the ESS temperature is above a threshold temperature,
then the commands to the motors are proportionally reduced.
If the temperature of a particular power control module or a
particular motor is above its preset temperature threshold,
then the control commands sent to that particular motor are
reduced. Preferably in such an instance the control commands
sent to the non-affected motor are sufficiently increased to
insure that the total requested torque, C_torque, is met. The
limiters may rely on a look-up table that provides preset
command reductions as a function of the amount that a moni-
tored temperature is above its respective preset temperature
threshold.

In accordance with at least one preferred embodiment, the
torque and traction controller 407 uses multiple processing
frequencies, the specific frequency depending upon the func-
tion of the unit in question. For example, a dual frequency
approach can be used in which a relatively low frequency is
applied in order to optimize the performance of the two drive
systems based on general operating conditions, while a sec-
ond, higher frequency is applied in order to quickly respond
to rapidly developing transient conditions, e.g., wheel slip-
page. In this preferred approach, low frequency cycling is
applied to the torque command generation unit 601, the
torque limiting units 603/605, the optimal torque split unit
607 and the various temperature, voltage, current, and speed
sensors. Preferably the low frequency is selected to be within
the range of 100 Hz to 2 kHz, more preferably in the range of
500 Hz to 1.5 kHz, and even more preferably set at approxi-
mately 1 kHz. High frequency cycling is applied to the trac-
tion and stability control unit 611, control modules 403/405
and the wheel slip sensors, and is preferably at a frequency of
about 10 to 30 times that of the low frequency, and more
preferably at a frequency of approximately 20 kHz. As the
traction control command generation unit 609 monitors
wheel slippage and generates the slip errors for each axle,
preferably it operates at the high cycle frequency although in
at least one embodiment, it operates at an intermediate rate,
e.g., 5-10 kHz.

As previously noted, the present control system can be
used with an EV that utilizes a single ESS for both drives, or
one which utilizes an ESS per drive. The system and meth-
odology is basically the same as previously described in
detail, except that the temperature, current and voltage of
each ESS must be monitored and taken into account. Thus, for
example, the control system shown in FIG. 6 would be modi-
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fied as shown in FIG. 10. Specifically, the temperature, cur-
rent and voltage of the primary ESS 501 would be sensed with
sensors 505-507 and input into the primary torque limiting
unit 603 and the primary control module 403; and the tem-
perature, current and voltage of the secondary ESS 503 would
be sensed with sensors 509-511 and input into the assist
torque limiting unit 605 and the assist control module 405.

The inventor also envisions using the torque and traction
control system of the invention with an EV that includes a
primary drive train and a secondary drive train with dual assist
motors. Such a system can utilize either a single ESS system
similar to that of FIG. 4, or dual ESS systems similarto that of
FIG. 5. Suitable alternate ESS and power control configura-
tions are described in detail in co-pending U.S. patent appli-
cation Ser. No. 12/322,218, filed Jan. 29, 2009, the disclosure
of which is incorporated herein for any and all purposes.
System 1100 shown in FIG. 11 is intended to illustrate one
such configuration.

System 1100 is based on the configuration shown in F1G. 4,
with single assist motor 109 being replaced with dual assist
motors 1101 and 1103. Preferably assist motors 1101 and
1103 are coupled to split axles 1105 and 1107 via gear assem-
blies 1109 and 1111. In these embodiments, motors 1101 and
1103 are coupled to ESS 401 via first and second assist power
control modules 1113 and 1115, respectively, thereby provid-
ing independent torque control over motors 1101 and 1103.
System 1100 includes a torque and traction controller 1117
that performs the same functions, and operates in a similar
manner, to previously described torque and traction control-
ler407. Insystem 1100, however, torque controller 1117 must
control two separate assist motors 1101 and 1103 via dual
assist power control modules 1113 and 1115, rather than a
single assist motor via a single power control module. Addi-
tionally, torque controller 1117 monitors the temperature of
both motors 1101 and 1103 via temperature sensors 1119/
1121, respectively; monitors the motor speed of both motors
1101 and 1103 via motor speed sensors 1123/1125, respec-
tively; and monitors the temperature of both assist power
control modules via temperature sensors 1127/1129, respec-
tively.

In the preferred embodiment of the dual assist drive con-
figuration, assist motors 1101 and 1103 use identical motors.
This configuration is preferred since the two assist driven
wheels are on the same axis and under most driving condi-
tions, will experience a similar range of wheel slippage.
Under these conditions it is desirable for both assist motors to
apply a similar amount of torque to their respective wheels.
Accordingly, using identical assist motors simplifies system
design.

Torque and traction control system 1117 operates in a
manner quite similar to that described above relative to con-
trol system 407, with a few important diftferences. FIG. 12 is
a schematic of controller 1117. Vehicle torque command
generation unit 601 functions as previously described, as does
primary torque limiting unit 603. In this configuration, how-
ever, there are two assist torque limiting units 1201 and 1203,
each having as inputs data from their respective temperature
and motor speed sensors as well as the temperature data from
their respective control modules 1113 and 1115. The output
from units 1201 and 1203 are the maximum available torque
for the right and left assist motors, i.e., C_maxtorque2r and
C_maxtorque2l. Although in general these values will be the
same, it will be appreciated that under some circumstances
the temperature of a particular assist motor and/or a particular
assist power control module may be higher than that of the
other assist drive, potentially resulting in different maximum
available torque values.
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Optimal torque split unit 1205 splits the desired combined
torque, i.e., C_torque, into three components without taking
into account wheel slip. As shown in FIG. 13, the algorithm
previously described in relation to FIG. 7 undergoes minor
modifications in order to output the three torque components.
Initially C_torque, C_vspeed, C_maxtorquel,
C_maxtorque2r and C_maxtorque2l are read (step 1301).
Next, temporary values for the torque for primary motor 103
(C_temptorquel) and for assist motors 1101 and 1103, com-
bined (C_temptorque2) are determined, as well as values for
the motor flux for primary motor 103 (C_flux1) and for assist
motors 1101 and 1103, combined (C_flux2). (Step 1303).
This step is performed by interpolating data from the look-up
table, described previously relative to FIG. 8, that contains
optimal torque (i.e., T1 and T2) and optimal flux values (i.e.,
Flopt and F2opt) based on vehicle speed and total requested
torque. Note that the values are only divided into two sets, i.e.,
one set for the front axle and one set for the rear axle. Next, the
set of values for the front axle, assuming the dual assist
motors are coupled to the front axle, are divided in half such
that half of the torque is applied to each assist motor, and the
same flux is applied to each assist motor. (Step 1305). The
temporary torque values set in steps 1303 and 1305 are then
compared to the maximum available torque values (step
1307) calculated by the primary torque limiting unit and the
two assist torque limiting units. Ifthe temporary torque values
are less than the maximum available torque values, then the
temporary torque values are output as C_torquele (primary
motor), C_torque2er (1* assist motor) and C_torque2el (2"¢
assist motor); if the temporary torque values are greater than
the maximum available torque values, then the maximum
available torque values are output as C_torquele,
C_torque2er and C_torque2el. (Steps 1309 and 1311). The
flux values for the primary motor, i.e., C_flux1, and the assist
motors, i.e., C_flux2r and C_flux2l, are also output in step
1311.

Traction control command generation unit 1207 operates
in a manner similar to that of unit 609, except that it computes
and outputs three slip errors, i.e., C_sliperrorl, C_sliperror2r
and C_sliperror2l. As in the previous embodiment, the unit
calculates wheel slip ratios for each wheel. For the axle
coupled to a single motor, i.e., primary motor 103, a wheel
slip ratio for the axle is calculated, preferably using the higher
of the two wheel slip ratios for that particular axle. For the
split axle, two wheel slip ratios are used, one per wheel. The
three wheel slip ratios are then compared to target wheel slip
ratios contained within a lookup table, the lookup table pro-
viding target wheel slip ratios as a function of speed and
steering angle. For each axle or half-axle, the difference
between the computed wheel slip ratio and the target wheel
slip ratio yields the computed slip error, referred to herein as
“C_sliperrorl” for the wheel slip ratio error of the primary-
driven axle 101, “C_sliperror2r” for the wheel slip ratio error
of the right wheel of first assist-driven axle 1105, and
“C_sliperror2!” for the wheel slip ratio error of the left wheel
of second assist-driven axle 1107.

As illustrated in FIG. 14, the computed slip errors along
with the values for the optimized torque split and the total
requested torque are input into the first stage of the traction
and stability control unit 1209. The first stage independently
minimizes the wheel slip ratio errors using a feedback control
system, for example using lead-lag compensators or a PID
controllers 1401/1402/1403 as shown. In the second stage of
unit 1209, motor speed fast disturbances are independently
minimized using high pass filters 1405/1406/1407 and com-
pensators (preferably PID controllers) 1409/1410/1411. As in
the previous embodiment, between the first and second stages
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is a transient torque boost feedforward control circuit which
adds an amount of torque to each drive motor. After the
second stage of traction control, torque limiters 1413/1414/
1415 independently limit the torque commands issuing from
the second stage based on C_maxtorquel, C_maxtorque2r
and C_maxtorque2l. The output of the torque limiters 1413/
1414/1415 are torque commands C_torquel, C_torque2l and
C_torque2r.

The torque commands from the limiters, i.e., C_torquel,
C_torque2r and C_torque?2l, and the flux commands from the
optimal torque split unit 1205, i.e., C_flux1, C_flux2r and
C_flux2], are input into control modules 403, 1113 and 1115.
As previously described, the power control modules can use
any of a variety of motor control techniques. Preferably
torque and traction controller 1117 uses multiple processing
frequencies as previously described relative to controller 407.

Although multiple drive systems are required in order to
gain all of the benefits of the present invention, the inventor
has found that with certain modifications, even a single drive
system as described below can achieve improved perfor-
mance via improved efficiency and more effective traction
control. An exemplary configuration of a single drive EV
1500 is shown in FIG. 15. EV 1500 is basically the same as
EV 400 with the removal of the assist drive system and
associated components. FIG. 16 illustrates a schematic of
controller 1501.

Vehicle torque command generation unit 601 functions as
previously described, outputting a torque requirement
request, i.e., C_torque, while traction control command gen-
eration unit outputs the computed vehicle speed, i.e.,
C_vspeed. Torque limiting unit 603 calculates the maximum
available torque based on monitored data from motor 103,
power control module 403 and ESS 401.

Optimal torque control unit 1601 determines an optimal
torque, C_torquee, based on the torque request, C_torque, the
vehicle speed, C_vspeed, and the maximum available torque,
C_maxtorque, without taking into account wheel slip. In
order to make this calculation, both the algorithm described
relative to FIG. 7 and the look-up table algorithm described
relative to FIG. 8 are simplified as shown in corresponding
FIGS. 17 and 18.

In the first step shown in FIG. 17, C_torque, C_vspeed and
C_maxtorque are read. (Step 1701). Next, temporary values
for the torque, C_temptorque, and for the flux, C_flux, are
determined (step 1703) by interpolating data from a look-up
table. The temporary torque value set in step 1703 is then
compared to (step 1705), and limited by (step 1707), the
maximum available torque value calculated by torque limit-
ing unit 603, before being output as C_torquee (step 1709).
The flux value for the motor, i.e., C_{lux, is also output in step
1709.

The algorithm used to generate the look-up table used in
step 1703 is illustrated in FIG. 18. As shown, the approach is
similar to that illustrated in FIG. 8, except that is has been
simplified due to the elimination of the assist drive system. In
step 1801, a first loop is initiated in which vehicle speed, W,
is stepped through from a minimum value, Wmin, to a maxi-
mum value, Wmax, in steps of Wstep. In step 1803, a second
loop is initiated in which total vehicle torque, T, is stepped
through from a minimum value, Tmin, to a maximum value,
Tmax, in steps of Tstep. In the next series of steps, steps
1805-1807, the optimum flux value, Fopt, is determined. Ini-
tially, for a given value of T the motor flux F is stepped
through from a minimum value, Fmin, to a maximum value,
Fmax, in steps of Fstep (step 1805). Then for each value of T
and F, a value for motor input power, P, is calculated (step
1806). Next, Fopt is determined, based on achieving the mini-
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mum input power, Pmin (step 1807). In the last step, values
for Fopt are output as a function of T and W (step 1809).

Traction control command generation unit 1603 operates
in a manner similar to that of unit 609, except that it computes
a single slip error, C_sliperror. In this embodiment, unit 1603
calculates wheel slip ratios for each wheel of driven axle 101.
The wheel slip ratio for this axle is then calculated, preferably
using the higher of the two wheel slip ratios. The wheel slip
ratio is then compared to a target wheel slip ratio contained
within a lookup table, the lookup table providing target wheel
slip ratios as a function of speed and steering angle. The
difference between the computed wheel slip ratio and the
target wheel slip ratio yields the computed slip error, referred
to herein as “C_sliperror”.

As illustrated in FIG. 19, the computed slip error and the
optimized torque are input into the first stage of the traction
control unit 1605. The first stage independently minimizes
the wheel slip ratio error using a feedback control system, for
example using a lead-lag compensator, a PID controller 1901,
or other controller type. In the second stage of unit 1605,
motor speed fast disturbances are independently minimized
using a high pass filter 1903 and a compensator (preferably a
PID controller) 1905. Preferably, controllers 1901 and 1905
have different bandwidths and dynamic responses. For
example, the bandwidth of the first stage loop is preferably
lower than that of the second stage. In at least one embodi-
ment, the sampling frequency of both loops is the same. High
pass filter 1903 is designed to remove dc and certain low
frequency components of the input motor speed. After the
second stage of traction control, a torque limiter 1907 limits
the torque command issuing from the second stage based on
C_maxtorque. The output of torque limiter 1907 is torque
command C_torquel.

The torque command from the limiter, i.e., C_torquel, and
the flux command from the optimal torque unit 1601, i.e.,
C_flux, are input into control module 403. As previously
described, the power control module can use any of a variety
of motor control techniques. Preferably torque and traction
controller 1501 uses multiple processing frequencies as pre-
viously described relative to controller 407.

As will be understood by those familiar with the art, the
present invention may be embodied in other specific forms
without departing from the spirit or essential characteristics
thereof. Accordingly, the disclosures and descriptions herein
are intended to be illustrative, but not limiting, of the scope of
the invention which is set forth in the following claims.

What is claimed is:

1. An electric vehicle drive system comprising:

first and second electric motors;

a torque split unit configured to receive first input that
includes at least a total torque request for the first and
second electric motors, and respective first and second
maximum torques for the first and second electric
motors, the torque split unit configured to process the
first input without taking into account wheel slip, and to
generate at least respective first and second torque
requests for the first and second electric motors; and

a traction and stability control unit configured to receive
second input that includes at least the first and second
torque requests, the total torque request, and respective
first and second slip errors relating to the first and second
electric motors, the traction and stability control unit
configured to process the second input and to generate
respective first and second torque commands for the first
and second electric motors.

2. The electric vehicle drive system of claim 1, further

comprising a traction control command generation unit
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coupled to the torque split unit and to the traction and stability
control unit, the traction control command generation unit
configured to generate at least a computed vehicle speed.
3. The electric vehicle drive system of claim 2, wherein the
traction control command generation unit is configured to
also generate the first and second slip errors.
4. The electric vehicle drive system of claim 1, further
comprising respective first and second torque limiting units
for the first and second electric motors, the first and second
torque limiting units configured to generate the respective
first and second maximum torques.
5. The electric vehicle drive system of claim 1, further
comprising a lookup table that contains at least optimal
torque values based on vehicle speed and total requested
torque, wherein the torque split unit is configured to use the
lookup table in generating the first and second torque
requests.
6. The electric vehicle drive system of claim 1, wherein the
torque split unit is configured to generate the first and second
torque requests to implement a maximum operating effi-
ciency while complying with the first and second maximum
torques.
7. The electric vehicle drive system of claim 1, wherein the
traction and stability control unit comprises multiple stages,
in which a first stage minimizes the first and second slip
errors.
8. The electric vehicle drive system of claim 7, wherein the
traction and stability control unit further comprises a second
stage in which motor speed disturbances are minimized.
9. The electric vehicle drive system of claim 8, wherein the
traction and stability control unit further comprises a control
circuit between the first and second stages, the control circuit
configured to add an amount of torque to each of the first and
second torque requests, the amount of torque proportional to
a difference between the first or second torque request and the
total torque request.
10. The electric vehicle drive system of claim 8, wherein
the traction and stability control unit further comprises a
torque limit stage that limits torque commands generated by
the second stage, the torque limit stage limiting the torque
commands based on the first and second maximum torques.
11. The electric vehicle drive system of claim 1, wherein
the torque split unit and the traction and stability control unit
are configured to operate at different frequencies than each
other.
12. The electric vehicle drive system of claim 11, wherein
the traction and stability control unit is configured to have a
first operating frequency that is a specific factor higher than a
second operating frequency of the torque split unit.
13. A method comprising:
receiving first input that includes at least a total torque
request for first and second electric motors of an electric
vehicle, and respective first and second maximum
torques for the first and second electric motors;

generating, based on the first input and without taking into
account wheel slip, at least respective first and second
torque requests for the first and second electric motors;

receiving second input that includes at least respective first
and second slip errors relating to the first and second
electric motors;

generating, based on the second input, respective first and

second torque commands for the first and second electric
motors; and

applying the respective first and second torque commands

for the first and second electric motors.

14. The method of claim 13, further comprising calculating
wheel slip ratios for wheels associated with the first and
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second electric motors, wherein generating the first and sec-
ond slip errors comprises determining differences between
the wheel slip ratios and target wheel slip ratios.

15. The method of claim 13, wherein generating the first
and second torque requests comprises using a lookup table
containing at least optimal torque values based on vehicle
speed and total requested torque.

16. The method of claim 15, further comprising generating
the lookup table, the lookup table generated by looping
through vehicle speed values between minimum and maxi-
mum vehicle speeds, looping through total vehicle torque
values between minimum and maximum vehicle torques, and
looping through first motor torque values between minimum
and maximum first motor torque torques.

17. The method of claim 13, further comprising minimiz-
ing the first and second slip errors.

18. The method of claim 17, further comprising minimiz-
ing motor speed disturbances after minimizing the first and
second slip errors.
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19. The method of claim 18, further comprising, after mini-
mizing the motor speed disturbances, adding an amount of
torque to each of the first and second torque requests, the
amount of torque proportional to a difference between the
first or second torque request and the total torque request.

20. The method of claim 18, further comprising limiting,
based on the first and second maximum torques, torque com-
mands generated in minimizing the motor speed distur-
bances.

21. The method of claim 13, further comprising setting a
first operating frequency for generating the first and second
torque commands to be a specific factor higher than a second
operating frequency of generating the first and second torque
requests.

22. The method of claim 13, further comprising limiting
the first and second torque commands based on a power
limitation of an energy storage system for the first and second
electric motors.



